The recent D0 results on W γ and Zγ production are presented. First, the cross section and the difference in rapidities between photons and charged leptons for inclusive W (→ lν)+γ production in eγ and µγ final states are discussed, then are the cross section and differential cross section as a function of photon transverse momentum for Zγ → l + l − (l = e, µ) process. Finally, I present the limits on anomalous W W γ, ZZγ and Zγγ couplings.
Introduction
The electroweak component of standard model (SM) has been remarkably successful in describing experimental results. The self-interaction of the gauge bosons (the W , the Z, and the photon) is a consequence of the non-Abelian SU (2) L × U (1) Y gauge symmetry of the SM. The gauge boson self-interactions appear as vertices involving three gauge bosons, and result in the production of pairs of bosons. The W W γ, ZZγ and Zγγ vertices are examples for that self-interactions of gauge bosons, and very sensitive to new physics. For instance, we could use the process pp → W γ → lνγ (l = e, µ) to study the W W γ vertex, and search for any anomalous departure from SM W W γ coupling. In particular, because the Z boson carries no electric charge, a coupling between a Z boson and a photon is not permitted in SM.
In this review we summarize recent D0 results in measurements of cross section and the difference in rapidities between photons and leptons for inclusive W (→ lν) + γ (l = e, µ) production, and the cross section and differential cross section as a function of photon momentum for Zγ → l + l − (l = e, µ) production, as well as the limits on anomalous W W γ, ZZγ and Zγγ couplings [1, 2] .
The D0 detector
The D0 detector is a multi-purpose particle detector. It has been constructed to study proton-antiproton collisions at a center of mass energy √ s = 1.96 TeV. The D0 detector [3] comprises a central tracking system in a 2 T superconducting solenoidal magnet, surrounded by a central preshower (CPS) detector, a liquidargon sampling calorimeter, and an outer muon system. Fig. 1 is the overview of D0 detector. The tracking system, a silicon microstrip tracker (SMT) and a scintillating fiber tracker (CFT), provides coverage for charged particles in the pseudorapidity range |η| < 3 [4] . The CPS is located immediately before the inner layer of the calorimeter, and has about one radiation length of absorber, followed by several layers of scintillating strips. The calorimeter consists of a central sector (CC) with coverage of |η| < 1.1, and two end calorimeters (EC) covering up to |η| ≈ 4.2. The electromagnetic (EM) section of the calorimeter is segmented into four longitudinal layers (EMi, i = 1, 4) with transverse segmentation of ∆η × ∆φ = 0.1 × 0.1 [4] , except in EM3, where it is 0.05 × 0.05. The muon system resides beyond the calorimeter and consists of a layer of tracking detectors and scintillation trigger counters before 1.8 T iron toroidal magnet, followed by two similar layers after the toroid. The coverage of the muon system corresponds to |η| < 2. Luminosity is measured using plastic scintillator arrays located in front of the EC cryostats, covering 2.7 < |η| < 4.4. The data acquisition system consists of a three-level trigger, designed to accommodate the high instantaneous luminosity. 3 W γ production In the SM, tree level production of a photon in association with a W boson occurs due to prompt W γ production via the diagrams shown in Fig. 2 or via final state radiation (FSR), where a lepton from the W boson decay radiates a photon (shown in Fig. 3 ). At leading order (LO) of SM prediction, the interference between the amplitudes in Fig. 2 produces a zero in the total W γ yield at a specific angle θ * between the W boson and the incoming quark [5] in the W γ rest frame (see Fig. 4 ). Since in hadronic collisions the longitudinal momenta of neutrinos from W decay cannot be measured, the angle θ * at which the radiation amplitude is zero is difficult to measure directly. However, the radiation amplitude zero (RAZ) is also visible in the charge-signed photonlepton rapidity difference as a dip around −1/3 [6] (see Fig. 5 ).
In this review, I present the measurements of the cross section and the distribution of the charge-signed rapidities difference between photon and lepton using data corresponding to an integrated luminosity of 4.2 fb −1 collected by D0 detector at the Fermilab Tevatron Collider. Wγ generator [6, 8] 
Event selection
For the electron channel with the W boson decaying into an electron and a neutrino, a suite of single-electron triggers are used to collect the candidate events. The electrons are selected by requiring an EM cluster in either the CC (|η| < 1.1) or EC (1.5 < |η| < 2.5) with transverse momentum p T > 25 GeV. Electron candidates are required to be isolated in both the calorimeter and the tracker, have a shower shape consistent with that of an electron, and a spatial match to a track. Further a multivariate likelihood discriminant and an artificial neural network are used to further reject background from jets misidentified as electrons. To suppress the Z/γ * → ee background, the event missing transverse energy, / E T , must exceed 25 GeV, the transverse mass of the W boson, M T , must exceed 50 GeV and the azimuthal angle between the electron and photon is required to be ∆φ eγ < 2.
For the muon channel with the W boson decaying into an muon and a neutrino, a suite of single-muon triggers are used to collect the candidate events. The muons are required to be within |η| < 1.6, isolated in both the tracker and the calorimeter, and matched to a track with transverse momentum p T > 20 GeV. To suppress the Z/γ * → µµ background, the / E T in the event must exceed 20 GeV, M T must exceed 40 GeV, and there must be no additional muons or tracks with p T > 15 GeV.
The photon candidates in both the electron and muon channels are required to have transverse momentum p γ T > 15 GeV. In addition, photon candidates are required to be either in the CC (|η| < 1.1) or EC (1.5 < |η| < 2.5), and be isolated in both the calorimeter and the tracker. Furthermore, the output of an artificial neural network (O N N ) [9] , that combines information from a set of variables sensitive to differences between photons and jets in the tracking detector, the calorimeter, and the CPS detector, is required to be larger than 0.75.
To suppress background from FSR, the photon and the lepton must be separated by ∆R lγ > 0.7, and the three-body transverse mass (see Eq. 1) of the photon, lepton, and missing transverse energy must exceed 110 GeV.
Backgrounds
There are four major sources of background in this analysis: (i) events with el + X final state, where the electron is misidentified as photon due to tracking inefficiency; (ii) W +jet production, where the jet is misidentified as the photon; (iii) Z ll γ production, where one of the lepton is lost; (iv) W τ ν γ production, where τ further decays to e or µ.
The el + X background is composed of events where the electron is misidentified as a photon due to tracking inefficiencies, and mainly comes from the di-boson production. To estimate its contribution, an orthogonal data sample is selected by requiring the EM cluster be matched with a good track. Then the ratio for EM cluster matching a good track and passing the photon no-track requirement is measured from the Z → ee data with parameterizing as a function of η. Finally, the el + X contribution is calculated with multiplying the ratio on the orthogonal sample.
The dominant background for this analysis is W+jet production. Two different data driven methods have been used to estimate the contribution. In method one, an orthogonal data sample (W+bad photon) is selected by reversing the photon track isolation or shower width requirement. Then the ratio of jet passing the good photon selection criteria and failing the track isolation or shower width requirement is measured from the di-jet data. This ratio is measured as a function of p T in 5 η regions for photon in CC and EC respectively. The final W+jet contribution is obtained with applying these ratios to the selected W+bad photon data events. In method two, a fit is performed on the photon O N N distributions in 5 η regions for photon in CC and EC respectively. The photon O N N templates are obtained from photon and jet Monte Carlo (MC) simulation, since the O N N is well modelled [9, 10] . The results from these two methods are consistent, considering the poor statistics of template fitting method, the results from reversing photon quality cuts is used as the default.
Small backgrounds from Z ll + γ, where one of the leptons from Z decays is lost, and W τ ν + γ, where the τ decays to a e or µ, are estimated from pythia Drell-Yan Z/γ * → µµ and W τ ν + γ MC respectively.
Signal
The signal is simulated using the Baur and Berger LO event generator [11] , interfaced to pythia [7] for subsequent parton showering and hadronization. To avoid the double counting of the FSR events, the diagram corresponding to FSR of photons is disabled in pythia. The shape and normalization of the signal p γ T spectrum are reweighted to the next-to-leading order (NLO) prediction [8] . The acceptance of the kinematic and geometric requirements for this analysis is calculated using this p γ T -weighted signal MC. All MC events are generated using the CTEQ6L1 [12] parton distribution functions (PDF), followed by a geant [13] simulation of the D0 detector.
Systematic uncertainties and results
The dominant systematic uncertainties considered in this analysis are:
• 6.1% uncertainty on the total luminosity;
• 5% uncertainty on the single lepton trigger efficiency;
• 3% uncertainty on the photon identification;
• 3% uncertainty on the lepton identification;
• 0.9% uncertainty on the track veto;
• ∼ 10 % uncertainty on estimation of W+jet background.
The number of predicted and observed events in both the electron and muon channels are summarized in Table 1 .
The cross section multiplied by the branching fraction for the process pp → W γ + X → lνγ + X is measured to be 7.6 ± 0.4 (stat.) ± 0.6 (syst.) pb, which is in good agreement with the SM expectation of 7.6 ± 0.2 pb for E The charge-signed photon-lepton rapidity difference for the combined electron and muon channels is shown in Fig. 6 . The events with EC electrons are excluded from Fig. 6 due to the significant charge mis-identification. The background-subtracted data are in good agreement with the SM prediction, and a χ 2 test comparing the background-subtracted data with the SM prediction yields 4.6 for 11 degrees of freedom. In this review, I present the measurements of the inclusive cross section and differential cross section for Zγ production in the electron and muon channels using a data sample corresponding to an integrated luminosity of 6.2 fb −1 collected at √ s = 1.96 TeV by the D0 detector at the Fermilab Tevatron Collider.
Event selection
For electron channel with Z boson decaying to two electrons, the same singleelectron triggers and electron selection criteria as W γ analysis described in Section 3 is used. Two electron candidates with transverse momentum p T > 15 GeV are selected, and the highest p T electron must have p T > 25 GeV. For muon channel with Z boson decaying to two muons, the same singlemuon triggers and muon selection criteria as W γ analysis is used, except the η coverage is extended to 2. Two muon candidates with transverse momentum p T > 15 GeV are selected, and the highest p T muon must have p T > 20 GeV.
Photon candidates in both electron and muon channels are required to be in CC and have transverse momentum p T > 10 GeV. By comparison with W γ analysis, same photon selection criteria are used, except the O N N is required to be greater than 0.1 instead of 0.75.
In addition, the dilepton invariant mass, M ll , is required to be greater than 60 GeV, and the photon must be separated from each lepton by ∆R lγ > 0.7. In the end, 1002 and 1000 data events are selected in electron and muon channels respectively. In order to reduce the contribution of FSR, subset data samples are defined with the requirement that the reconstructed three-body invariant mass, M llγ , exceed 110 GeV. With this additional requirement, 304 and 308 data events are selected in the electron and muon channels, respectively.
Background
The dominant background for this analysis is the Z+jet, where the jet is misidentified as a photon. For electron channel, same as W γ analysis, the Z+jet background is estimated from an orthogonal data sample by reversing the photon quality cuts. For muon channel, a 2 × 2 matrix method is used to estimate the Z+jet background contribution. The Z+jet background is also estimated through a fit to the shape of the O N N distributions in data for both electron and muon channels. The results are in good agreement with those obtained from the reversing and matrix methods.
Total cross section
To eliminate the uncertainties of lepton trigger efficiencies, reconstruction efficiencies and integrated luminosity, the total cross section for llγ production is obtained from the ratio of the acceptance-corrected llγ rate for M ll > 60 GeV, ∆R llγ > 0.7, p γ T > 10 GeV/c, and |η γ | < 1, to the total acceptance-corrected dilepton rate for M ll > 60 GeV. Thus the total cross section for Zγ is estimated using the ratio to multiply the inclusive Z/γ * → ll production theoretical cross section:
Here, N data ll and N data llγ are the number of selected Z and background-subtracted Zγ events in data sample, respectively. The σ Z is the theoretical cross section for inclusive Z/γ * → ll production. The factor κ corrects for the detector resolution effects that would cause events not to pass the selections on the generator-level quantities, but to pass the reconstruction requirements, where the photon energy resolution in the low p T is the dominant source. The factors (A × ǫ ID ) llγ and (A × ǫ ID ) ll provide the fraction of events that pass the analysis requirements, with all acceptances measured relative to the kinematic requirements at the generator level for the llγ and ll final states, respectively. The pythia Z/γ * → ll events are used to calculate the A × ǫ ID after reweighting the p 4.4 Differential cross section dσ/dp γ T
The matrix inversion technique [15] is used to extract the differential cross section dσ/dp γ T as a function of the true p γ T . The pythia Zγ events are used to assemble the smearing matrix between true and reconstructed p γ T . In the end, the matrix is inverted to obtain the unsmeared spectrum. The measured differential cross sections dσ/dp Table 4 : Summary of the unfolded differential cross section dσ/dp γ T , when no M ℓℓγ requirement is applied, and NLO mcfm predictions with PDF and scale uncertainties. (Table from Ref. [2] , see text) Table 5 : Summary of the unfolded differential cross section dσ/dp γ T , with the M ℓℓγ > 110 GeV/c 2 requirement, and NLO mcfm predictions with PDF and scale uncertainties. (Table from Ref. [2] , see text) [6, 8, 11] , under the assumptions of electromagnetic gauge invariance, charge conjugation (C), parity (P ) and CP conservation. The κ γ and λ γ couplings are related to the magnetic dipole and electric quadrupole moments of the W boson. In the SM, κ γ = 1 and λ γ = 0, and it is customary to introduce into the notation the difference ∆κ γ ≡ κ γ − 1. A form factor with a 2 TeV common scale Λ for each non-SM coupling parameter, is used to assure that the W γ cross section does not violate unitarity. For the Zγ production, an effective theory with eight complex coupling parameters, h The contributions from anomalous couplings will increase the W γ and Zγ production cross section, and particularly give rise to an excess of photons in high transverse momentum. Thus, the photon transverse momentum distribution is used as the golden candle to search for anomalous departure from SM W W γ, ZZγ and Zγγ couplings.
The photon p γ T distributions from W γ production is shown in Fig. 11 , and used to derive limits on anomalous W W γ trilinear couplings using a binned likelihood fit to data. The 95% C.L. limits on the W W γ coupling parameters ∆κ γ and λ γ are shown in Fig. 12 , with the contour defining the two-dimensional exclusion limits. The one-dimensional 95% C.L. limits are −0.4 < ∆κ γ < 0.4 and −0.08 < λ γ < 0.07, which are obtained by setting one coupling parameter to the SM value and allowing the other to vary. These are the most stringent limits on anomalous W W γ couplings at a hadron collider.
The dσ/dp γ T distributions of Zγ production is shown in Fig. 13 , and folded into a reconstruction-level distribution to derive the limits on anomalous coupling parameters h shown in Figs. 14 and 15. After combining the previous 1 fb −1 D0 Zγ analysis [17] , the limits are shown in Fig. 16 and Table 6 . Figure 13 : The SM prediction and anomalous Zγ coupling production compared with the unfolded dσ/dp 6 Conclusions and outlook D0 has performed sophisticated studies of W γ and Zγ production using about half of the collected dataset. The results include the most precise measurements of the total production cross section of W γ → lνγ and Zγ → llγ, and the first unfolded photon differential cross section dσ/dp γ T , as well as the most stringent limits on the W W γ anomalous couplings. The D0 dataset will be continuously analyzed, and the high energy LHC experiments have already taken and analyzed data. The prospects for anomalous triple gauge boson couplings will be interesting and fruitful.
